Microwave transmission and reflection in a periodic superconductor/dielectric film multilayer structure in the mixed state are theoretically calculated. It is based on the model of vortex dynamics of a type-II superconductor in the mixed state as well as the transfer matrix method in a stratified medium. We have made some numerical analyses in the microwave transmission and reflection as functions of temperature, dielectric thickness, and number of periodicity as well. The results indicate that the temperature-dependent reflection can be enhanced by increasing the number of periodicity. In addition, both microwave reflection and transmission will be reduced if the thickness of dielectric film is increased.
Introduction
Study of electromagnetic response for a superconductor is a useful and common means of understanding basic physics of the superconducting materials. High-temperature superconductors are type-II ones that have opened rich topics in the microwave response in the mixed state [1] . Microwave response can be described by the surface impedance of a superconducting film or by the magnetic permeability of a superconducting single crystal [2] . The calculation of surface impedance or magnetic permeability is essentially an attenuation-dominated problem. Another way of investigating electromagnetic response of a superconductor can be achieved by the measurements of magnetotransmission and magnetoreflection [3] . Theoretical calculation on the microwave transmission and reflection for a type-II superconducting film on a dielectric substrate was first reported by Coffey and Clem [4] . It belongs to a propagation-dominated problem because the structure of interest is generally a layered medium.
A periodic layered structure also is called a superlattice that has been attracting much attention in condensed matter physics. Superconductor superlattice was reported earlier in Ref. 5 . Later, calculations of surface impedance of a superconductor superlattice in the mixed state were made by Tagantsev and Traito [6] . Recently, superconductor/dielectric superlattice has been further regarded as a photonic crystal and the associated photonic band structure has been explored [7] [8] .
In this paper, we shall calculate the microwave transmission and reflection for a superconductor/dielectric superlattice in the mixed state. The Coffey-Clem model [4] will be used to model the electromagnetic response of a type-II superconductor in the mixed state. Expressions for the microwave transmission and reflection will be derived based on the transfer matrix method [9] . A numerical analysis will then be made to illustrate the roles played by the temperature, dielectric thickness, and number of periodicity of the structure.
Basic Equations
The periodic superconductor/dielectric film multilayer structure is depicted in Fig.1 , in which an N-period layered medium is immersed in the free space characterized by k 0 , where k 0 = ω √ ε 0 µ 0 is the wave number of the free space. The superconductor slab has thickness d while the dielectric has thickness t. The periodicity is denoted by a = d + t. A static magnetic field B ≥ 2B c1 is applied parallel to x axis to put the superconductors in the mixed state. All superconductors are assumed to be identical and are characterized by the complex penetration depth λ described below, and the dielectrics are characterized by the complex wave number k d . The incident microwave magnetic field is taken to be in the +z direction, meaning it is a TE-mode transmission problem. We here assume an e jwt time dependence for all rf fields. According to the Coffey-Clem model the response function for a superconductor in the mixed state is represented by a complex penetration depth λ = λ(ω, B, T ) given by [4] 
where λ = λ(B, T ) is the static-field and temperature-dependent penetration depth, δ nf = δ nf (ω, B, T ) is the normal fluid skin depth, and δ vc = δ vc (ω, B, T ) is the complex skin depth coming from the vortex motion and creep. A detailed description for these parameters can be seen in Ref. 4 . To handle a transmission problem, it is convenient to use the refractive indices for both the superconductor and the dielectric. The effective complex index of refraction for a superconductor in the mixed state is given by n s = −j/k 0λ , and the index of fraction of the dielectric, n d is related to complex wave number by
By making use of the transfer matrix method, the microwave properties for structure shown in Fig.1 can be well described in terms of the total characteristic matrix given by
where
where φ = cos β 2 cos β 3 − 1 2
and 
Hence the reflectance, R and transmittance, Γ can be calculated, namely
Numerical Results and Discussion
In what follows we will present the numerical results for the microwave reflectance and transmittance. The material parameters for the superconductor are on the order of typical high-temperature superconducting system, Y Ba 2 Cu 3 O 7−x . The dielectric parameters taken are typical of LaAlO 3 . For such a dielectric, the index of refraction is n d = 4 − j10 −4 [4] . The superconductor thickness is 210 nm. As usual, we introduce the reduced static magnetic field as b = B/B c2 (0) , where B c2 (0) = 112T is the upper critical field at temperature T = 0 K. In Fig.2 , we plot the reflectance and transmittance as a function of the temperature for N =1, 2, 5 and 10, respectively at the conditions of f=33GHz, b=0.075, and d=t=210nm. As seen in the figure, the reflectance decreases with increasing the temperature, whereas the transmittance increases with increasing the temperature. The temperature-dependent variation however is not pronounced when the number of periodicity is increased. In addition, for a fixed temperature, the reflectance increase with N, the number of periodicity, indicating a larger reflectance can be obtained in a multilayer structure with more periods. Thus, by increasing the periodicity, a high-reflectance reflector in a layered structure can be obtained. The reduced field is 0.075, the frequency is 33 GHz, and both two films have the same thickness of 210 nm. Here T c2 is the temperature at which B = B c2 (T ) [4] . In Fig.3 , temperature-dependent R and Γ in a 10-period structure are shown at various dielectric thicknesses t = 0.5d, d, 5d, and 10d. Again, R decreases with increasing the temperature, while Γ increases as the temperature increases. The variations in both R and Γ are close for t = 0.5d and d. They then drop apparently as the thickness of dielectric is increased to 5d or 10d. The reductions in R and Γ can be ascribed to the more losses dissipated in the dielectric slab. The role played by the dielectric slab is thus elucidated clearly.
Conclusion
In summary, microwave transmission and reflection for a type-II superconductor film in the mixed state has been investigated in a periodic multilayer structure. For the simplest case, N = 1, our results indeed reduce to those previously given in Ref. 4 . Numerical results demonstrate that the reflectance can be enhanced by increasing the number of periodicity. For a superconductor/dielectric superlattice, it is interesting to find that microwave reflectance and transmission both decrease by increasing the dielectric thickness when the temperature is fixed. Further analysis such as R and Γ as a function of the static field can be easily made. With the highly potential in the application of multilayer structure in superconductor electronics, the results given here are of fundamental and technical use in the microwave superconductivity.
